objective Omphalitis, or umbilical cord infection, is an important cause of newborn morbidity and mortality in low-resource settings. We tested an algorithm that task-shifts omphalitis diagnosis to community-level workers in sub-Saharan Africa.
Introduction
Each year more than 2.7 million newborns die within the first month of life [1] . According to 2015 estimates, neonatal deaths account for 44% of under-five mortality worldwide [1] . In resource-limited settings, umbilical cord infections (omphalitis) are an important cause of morbidity and mortality; contamination of the umbilical cord stump via unsterile cord cutting, traditional cord applications or unsanitary handling may increase exposure to bacteria that could lead to a local or systemic infection. The relative contribution of omphalitis to the global burden neonatal mortality is not singled out in global estimates. Unsterile cord care contributes to both sepsis and local cord infections, a portion of which will lead to neonatal death. In 2016, The United Nations Inter-Agency Group for Child Mortality Estimation (UN IGME) [2] estimated that 15% of all neonatal deaths are due to sepsis; although this is not an exact estimation of omphalitis burden of neonatal death, sepsis is a potential sequela of omphalitis and reducing its incidence is a key priority in newborn care. Hospital-based studies have reported a range of omphalitis incidence estimates (2-77 per 1000 hospital-born infants) [3] [4] [5] . A communitybased omphalitis incidence study in Pemba Island, Tanzania [6] reported incidence rates ranging from 1% to 12% depending on diagnostic criteria. In Pakistan [7] , the community-based incidence was as high as 21.7%. The incidence and severity of omphalitis as well as its complications (necrotizing fasciitis, sepsis, death) occur more commonly in home births and low birth weight (LBW) babies [8] .
There is a long legacy of applying various topical antiseptics to newborn skin, including focused application to the umbilical stump, in an effort to prevent both local and systemic infections [3, 9] . The use of 4% chlorhexidine as a topical umbilical antiseptic has been shown to reduce omphalitis and all-cause neonatal mortality in three South Asian countries including southern Nepal [10] , Bangladesh [11] and Pakistan [12] . However, effectiveness of chlorhexidine appears to be context-specific, with two recent trials published in sub-Saharan Africa showing no impact on neonatal mortality, a significant decrease in omphalitis incidence in Pemba, Tanzania [13] , and a non-significant trend towards decreased omphalitis incidence in Zambia [14] .
Diagnosis and early initiation of treatment for newborn infections are critical to reducing related mortality. Qualitative research across a variety of cultures demonstrates that many newborns are sequestered during their first weeks of life making illness detection challenging [15] [16] [17] [18] . Task-shifting to community-level health workers trained and equipped with community-based algorithms has become a central WHO strategy to address common paediatric illnesses [19] [20] [21] [22] . Historically, an algorithmic approach has been utilised less often for neonatal illnesses, as signs and symptoms of neonatal illness are often non-specific. However, there is increasing attention paid to the role of active newborn home visits to screen for issues with infant feeding and health [23] . Omphalitis is one of few neonatal conditions that has objective findings (e.g. redness, presence of pus), making it amenable to algorithmic diagnosis.
Given current attention to cord care at the global and national policy level, validated community-based algorithms are needed to allow primary health workers to identify cord infections and reduce associated morbidity. An omphalitis community-based algorithm was created and tested in Nepal. This study compared CHW assessments of photographs of umbilical cords vs. a gold standard consisting of remote paediatric dermatologist assessment of the same photographs [24] . To date, there has been no validated community-based algorithm developed and tested in the sub-Saharan African context, where the manifestations of omphalitis presentation may vary and diagnosis could be potentially more challenging in infants with darker skin colour. Although a national community health worker (CHW) programme for paediatric and newborn health is being scaled up in Zambia, there is no algorithm for community-based workers to use for omphalitis diagnosis [25] . To address this gap, we conducted a validation study of community-level health workers' clinical assessments of umbilical cords compared to a parallel assessment by a board-certified medical doctor's assessment of live newborns in Zambia.
Methods

Study sites
From 2011 to 2014, we conducted a cluster-randomised trial to evaluate the effectiveness of 4% chlorhexidine umbilical wash on neonatal mortality and omphalitis incidence in Southern Province, Zambia [12] . This region is mostly rural and has a neonatal mortality of 23 per 1000 live births [26] . As part of this study, 271 community-based field monitors (FMs) conducted home visits on day of life 1, 4, 7, 10 and 28 to assess neonatal health and to record vital status across 90 primary health facility clusters randomised to dry cord care or chlorhexidine umbilical cord application. From September 2012 to May 2013, a subset of 34 FMs participated in this separate study at 13 government-supported health centres and two hospitals in Southern Province, Zambia.
Training
Thirty-four community-based FMs underwent an intensive workshop on omphalitis including recognition of signs and symptoms of cord infection, and mentored visits to local health facilities to observe umbilical cord examinations with a physician. All FMs associated with the parent Zam-CAT study were chosen by their respective communities, had limited clinical background and had a high school education; details on ZamCAT FM recruitment and training have been reported elsewhere [27] . FMs that had been assigned to the 15 health facilities where this study took place participated in the additional training described above. From this pool, 34 FMs successfully passed the omphalitis diagnosis assessment. FMs were trained to recognise cord redness and pus via an extensive digital photo library using images from the parent study (Zam-CAT) [12] and a similar study from Nepal [9] . They were required to pass a test assessing images of umbilical cords prior to participating in the study.
Three Zambian medical doctors with paediatric specialty training served as 'Cord Care Experts' (CCEs). CCEs underwent additional training to review recognition of cord infection, pathophysiology of cord detachment and current treatment guidelines.
Recruitment, enrolment and data collection
The Boston University Medical Campus Institutional Review Board and University of Zambia Research Ethics Committee provided ethical approval; the Zambian Ministry of Health approved the study. All women provided written informed consent, which was obtained in English or Tonga. Three CCEs rotated between the 15 health facilities on a predetermined schedule. On the days they were assigned to be at a specific facility, FMs recruited infants 1-10 days old presenting to that health facility for acute or routine care into the study. Any infant identified by health facility staff members during triage as requiring urgent medical attention was not recruited to avoid delays in medical care. Independent and blinded assessment of the infant's umbilical cord was then performed sequentially by the FM and the site CCE within an hour. CCEs also took a photo of the umbilical cord after assessment, which was then evaluated for omphalitis by an American Board of Pediatrics-Certified Pediatrician (JH). A unique barcode was distributed to the infant's guardian; this barcode linked the signed consent, two independent assessments and photo. All assessments were independently recorded on a checklist of signs and symptoms ( Figure 1 ) via EMOCHA platform (Baltimore, MD 2008) on Android tablets and smart phones. Data were then stored on a secured web-server once the tablets were connected to Wi-Fi.
Sample size
Using an estimated omphalitis incidence of 2% (the lower end of range presented from studies in similar contexts) [6] , a 95% confidence interval AE 0.1 precision, and an anticipated sensitivity of 0.8 and specificity of 0.8, we originally required a sample size of 3101 infants. Due to slow enrolment, we recalculated our sample size based on the observed prevalence of omphalitis at 10% accrual (n = 355). To be conservative, we used a lower prevalence rate of 6% for our sample size recalculation in case the overall prevalence ended up being lower than the observed 10.7% in the enrolled sample of 355 enrollees. To prove the algorithm had a sensitivity and specificity of .80 and a precision of AE0.10, with a prevalence of 6%, 1034 subjects were required.
Data analysis
For each infant enrolled, the CCEs determined whether or not the infant had omphalitis based on his or her clinical judgement; this clinical diagnosis served as the gold standard. In addition, FMs and CCEs independently completed a signs and symptoms checklists (Figure 1) . The responses to each sign and symptom were compared to the CCE gold standard diagnosis and sensitivity, specificity and likelihood ratios (LR) were calculated ( Table 2 ). The LR is the likelihood that a given test result (e.g. checklist signs and symptoms) would be expected in a patient with omphalitis as compared to the likelihood that same result would be expected in a patient without omphalitis. LRs were used rather than kappa values as the validation of the checklist was compared to an asymmetric 'gold' standard rather than comparing agreement between two equally skilled workers [28, 29] . Combinations of signs and symptoms from both the FM checklist and the CCE checklist were then evaluated for the highest sensitivity and LR. Analysis was completed in Microsoft Excel and SAS v 9.3 (Cary, NC).
Results
At 13 primary health centres and two hospitals in Southern Province, Zambia, 1186 infants attending post-natal care visits were screened. Among those screened, 177 infants were ineligible (mostly due to age >10 days); 1009 (85%) were enrolled ( Figure 2 ). The mean age of infants was 6.7 days (SD AE 2.15) and 50.5% were male. CCE diagnosed omphalitis in 6.2% of newborns (n = 63). Of the 1009 enrolled newborns, 729 of 833 photos were assessable (71.4% of enrolled subjects) ( Figure 2) . When comparing the responses from the CCE checklist to the CCE gold standard diagnosis, there were three signs from the CCE checklist for signs and symptoms that had the highest sensitivity ( Table 1) : presence of pus (79.4%), redness at the base (50.8%) and newborn flinching when cord was palpated (33.3%). Specificity for all signs was higher than 95%. Multiple combinations of signs and symptoms were combined to determine if a particular combination had higher sensitivity or improved positive predictive value (PPV) of omphalitis diagnosis. Sensitivity increased to 95.2% when combining the following signs: presence of pus OR redness at base OR redness of skin, with a corresponding specificity of 97.5%, PPV of 71.4% and negative predictive value (NPV) of 99.7%. LR+ for the CCEs' signs and symptoms as compared to the gold standard CCE diagnosis were high for presence of pus (LR+ = 198), newborn flinching with palpation (LR+ = 111) and foul odour at the stump of cord (LR+ = 79). The combination of signs and symptoms with the highest sensitivity (presence of pus OR redness at base OR redness of skin) had a LR+ of 38.
When comparing the responses from the FM checklist to the CCE gold standard diagnosis ( Table 2) , presence of pus had the highest sensitivity (15.9%). All other sensitivities were lower and the sensitivity for the best performing algorithm from the CCE (presence of pus OR redness at base OR redness of skin) had a sensitivity of 15.9%. Specificities for each sign and symptom ranged from 94.1% to 98.7%; PPVs for each sign and symptom were 15.2% or lower and LR+ were low ranging from 0.9 to 2.69.
The board-certified paediatrician, who assessed the umbilical cord photos, diagnosed omphalitis in 11.5% (n = 96) and no omphalitis in 76% (n = 633); 104 photos were not able to be assessed due to poor picture quality (12.5%). The overall agreement between the paediatricianassessed photos and CCE gold standard diagnosis was 85.6% with a Cohen's kappa 0.22 (fair, with threshold for poor <0.2; fair 0.21-0.4; good >0.4) [30] .
Discussion
Developing accurate algorithms for diagnosing omphalitis is a high priority if we are to improve case management of bacterial infections in neonates in low-resource settings. The relatively good agreement between the reported signs and symptoms from the CCEs and other published algorithms [11, 23] suggest that a trained paediatrician in this setting serves as an appropriate gold standard. The LRs were high for the following CCEs' signs and symptoms when present: presence of pus, newborn flinching when cord is palpated and foul odour at stump. When using the combination of signs and symptoms that produced the highest sensitivity (presence of pus OR redness at stump OR redness extending onto skin), the LR+ was 38.
Neither the sensitivity, PPV, nor LRs suggest that community-level workers (e.g. field monitors) could accurately assess for signs and symptoms of neonatal omphalitis in Zambian newborns. The combination of signs/symptoms that produced the highest sensitivity for the CCEs (presence of pus OR redness of skin OR redness at stump) yielded a very low sensitivity when performed by the FMs on the same patients at the same time. Despite rigorous training and assessment of the FMs to accurately assess umbilical cords, the low LRs suggest that an algorithm is unlikely to perform well in the hands of community-based workers in this context. Mullany et al. [23] . developed and tested multiple community-based diagnostic algorithms for omphalitis in Nepal. In this study, Nepali community workers and a paediatric dermatologist both independently assessed photographs of umbilical cords. Two algorithms were recommended based on sensitivity and specificity. Although assessment of a photograph is useful, to serve as the gold standard, an in-person clinical assessment of the entire infant is preferable as a photograph may not provide the clinical information as to the well-being of the neonate and evidence of local or systemic illness that cannot be appreciated in a two-dimensional photograph such as fever, poor feeding or local warmth of the skin. In contrast to the photo-based evaluation in Nepal [23] , our study showed relatively low concordance between paediatric photographic assessment and medical doctor clinical diagnosis gold standard. The low concordance in our study may be secondary to poor photo quality or because the study population has darker skin pigmentation as compared to the photos from Nepal, therefore making erythema more difficult to identify.
Several recent papers have applied community-based algorithms to assess efficacy of different cord care strategies on omphalitis incidence assuming that a communitybased diagnosis is valid. Arifeen et al. [11] . used the presence of pus or redness to the skin as detected by a community-level worker as the definition for omphalitis in their trial in Bangladesh. With multiple applications of 4% chlorhexidine, they observed a reduction in severe cord care infection (redness with pus) from 4.2/1000 lives births to 1.2/1000 live births [11] . In Pakistan, Soofi et al. [10] . used community-level workers to define omphalitis in their study participants to assess the impact of chlorhexidine vs. handwashing vs. dry cord care, reporting a reduction in risk of omphalitis of 42% with CHX application and 17% reduction with handwashing alone. In Nepal, Mullany et al. [9] . used a communitybased algorithm to define cases of omphalitis and demonstrated a 75% reduction in omphalitis as detected by community-level workers. The chlorhexidine cord care trial in Pemba, Tanzania by Sazawal et al. [13] . demonstrated a lower risk of omphalitis using a communitylevel worker to evaluate for omphalitis, defined as: presence of severe redness and pus (94% lower, 95% CI 74-98%) and of any redness or pus (35% lower, 30-39%) than those infants in the dry cord care group. In the Zambia trial, ZamCAT [12] , our parent study, we reported a non-significant 27% difference in omphalitis incidence between the chlorhexidine and dry cord care arms. All these studies relied on a community-based worker's diagnosis of omphalitis, which was inconsistently, but similarly defined across studies. Notably, the algorithms used in these studies were not validated against a gold standard for every population. Our findings call into question the reliability of community-based assessment for omphalitis in the Zambian population and other similar African populations with dark skin. Our study is limited as its findings only apply to Zambian newborns who tend to have darker skin pigmentation making cord assessments more challenging. It is possible that cord assessments may be more consistent in infants with lighter skin and more severe signs of infection. Other limitations to consider are the fact that 12.5% of the photos were corrupted and unreadable. There is nothing to suggest that this would have created a selection bias as it occurred at random and involved equal proportions of each CCE's photos. The remaining 729 photos showed at best 'fair' (kappa = 0.22) concordance between the photo assessment and the CCE gold standard still supporting the conclusion that photo assessment is not ideal for diagnosis.
As global policy is being considered to increase access to chlorhexidine umbilical washing as a strategy to reduce omphalitis incidence and neonatal mortality, we need further data to be confident that community-based cord assessments are reliable for the diagnosis of omphalitis. Applying this study design of real time, inperson parallel assessments with a gold standard can reliably determine whether community-cord assessments are appropriate for different contexts.
